When the growth of surface cultures of Mycobacteriumphlei was limited by nitrogen or sulphur, the organisms synthesized both glycogen and lipid as endogenous reserves. Equal weights of glycogen and lipid accumulated intracellularly which, combined, may account for 50 yo of the cell dry weight. Both storage materials also accumulated when growth was inhibited by chloramphenicol or p-fluorophenylalanine in otherwise nutritionally adequate media. In the absence of exogenous carbon substrate, the glycogen and lipid reserves were utilized as energy and carbon for nitrogen incorporation and continued growth. Evidence is presented which suggests that glycogen may be the preferred endogenous reserve in M. phlei. ' 
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I N T R O D U C T I O N
In their pioneer work on the physiology of the mycobacteria, Stephenson & Whetham (1922 , 1924 showed that, following depletion of glucose in growth media, Mycobacterium phlei utilized its stored lipids and the respiratory quotient, which had been 1.1 to 1-75 during growth, fell to 0.8. With the observation of the same phenomenon in M. tuberculosis (Andrejew, I 948), the generalization has been accepted that lipids serve as a reserve of carbon and energy in the mycobacteria. However, the demonstration of glycogen as a cell constituent in the avian (Chargaff & Moore, 1944) and human tubercle bacilli (Kent & Stacey, 1949) , and in M . phlei (German, Jones & Nadarajah, 1961) , suggests that the reserves may not be exclusively lipid. In addition, studies with M. phlei which have shown the simultaneous accumulation of equivalent amounts of lipid and carbohydrate during growth in nitrogen-limited media (Tepper, 1965) also suggest that both substances may be reserves in this organism.
There is ample evidence that micro-organisms are able to utilize more than one material for endogenous metabolism (see Dawes & Ribbons, 1964) , but, usually in response to cultural or environmental conditions, a preferentiallly utilized reserve substrate is deposited. Different micro-organisms may store more than one reserve material. Escherichia coli (Dagley & Johnson, 1953) and Rhodospirillum rubrum (Stanier, Doudoroff, Kunisawa & Contopoulou, 1959) have been reported to accumulate either glycogen-like polysaccharide or lipid ; however, the particular reserve material deposited within the cell depended on the chemical nature of the carbon substrate. Recently, Damoglou & Dawes (1967) were unable to confirm the accumulation of lipid in E. coli and found the lipid content to be essentially constant irrespective of the carbon source used for growth. Thus, the suggestion that both lipid and carbohydrate may be deposited as endogenous reserves in Mycobacterium phlei is of particular interest since these accumulations occur simultaneously under the same cultural conditions.
Storage material accumulation by micro-organisms has been extensively studied (for reviews see Herbert, 1961; Dawes & Ribbons, 1964) and it is known that conditions which restrict growth, but not the assimilation of the carbon source, favour accumulation of reserve substances. The present paper reports the effects of nutritional limitations and growth inhibitors on the accumulation of storage material by Mycobacterium phlei, and the extent to which lipid and carbohydrate, principally glycogen, serve as endogenous reserves in this organism.
METHODS
Cultivation. Mycobacterium phlei strain 72 was grown as a surface pellicle on media having the following basal composition per litre: potassium citrate, 2-0 g. ; MgS04. 7H20, 0.6 g. ; ZnSO,. 7H20, 25 mg. ; FeCl,. 6H20, 0.1 g.; CoCl,. 6H20, 2 mg.; MnCl,.4H20, I mg.; CaC1,.2H20, 20 mg.; anhydrous K2HP04, 6.0 g.; final pH 7.0. Either L-asparagine. H 2 0 (3.0 or 12.0 g./l.) or ammonium chloride (2.15 or 8.6 g./l.) served as the sole source of nitrogen (N) in the growth media and represent 60 and 240 mg. N/IOO ml. medium, respectively. Glycerol (60 g./l.) served as the major carbon source. The amounts of additional carbon supplied by asparagine were represented by molar equivalents of neutralized fumaric acid in the ammonium chloride medium. Media were dispensed in 100 ml. volumes in 250 ml. Erlenmeyer flasks and autoclaved for 15 min. at 121'. Cultures were incubated at 37" and 60 yo relative humidity.
Medium exchange. Surface cultures were grown to the desired age and then medium exchanges were made according to the following procedure. The original medium was aseptically siphoned from the pellicle. The dropped pellicle was washed once by refloatation with basal medium, and then fresh medium of the desired composition was immediately added to refloat the pellicle. For these exchange experiments replicate cultures were used, some of which were removed for analysis at the time of exchange of medium while the remaining cultures were used, in duplicate, for exchange and subsequent incubations. The substrate concentrations used in the exchange experiments were as follows, per litre of basal medium: high nitrogen, 8-6 g. NH,Cl; low nitrogen, 2.15 g. NH,Cl; and high carbon, 60.0 g. glycerol. In the exchange studies where sulphates were omitted, the corresponding chloride salts were substituted in the basal medium.
Sampling. For estimation of surface growth, duplicate flasks were filtered through tared Sharkskin filter paper (Schleicher & Schuell), washed with water, and dried to constant weight. For analytical determinations, bacteria were harvested by centrifugation, washed, lyophilized and stored over phosphorus pentoxide in a vacuum desiccator until ready for use. All cell analyses were conducted on pooled samples from two or more pellicles. 
RESULTS

Growth of Mycobacterium phlei
Under the conditions of these experiments, all cultures had formed a thin pellicle on the surface of the medium by the third day and thereafter growth consisted in the thickening of this pellicle. In the cultures used for composition analyses (Table I) , the third day was representative of the late exponential phase of growth and older cultures represented post-exponential growth. Unlike bacterial cultures which reach a maximum in incorporated nitrogen, post-exponential growth of pellicles of Mycobacterium phlei was characterized by a gradual increase in nitrogen content. This observation suggests that pellicles are composed of two types of bacterial population : a majority of organisms which have stopped growing and a lesser population, presumably in contact with the medium, which continues to divide.
Accumulation of storage materials. The relationship of storage material accumulation to the nitrogen concentration in the environment is shown in Table I . In all media tested, storage materials did not increase during exponential growth and the lipid, carbohydrate and glycogen of M . phlei remained constant at values determined by the nature and amount of the nitrogen source.
Maximal lipid and carbohydrate contents occurred during post-exponential growth in nitrogen-limited media ( Table I ). The highest contents were reached in the nitrogenlimited asparagine medium with lipid at 24'4 % and carbohydrate at 36.6 % of the dry wt of the bacteria; glycogen represented 64% of the carbohydrate fraction. In both nitrogen-limited media the greatest increase in cell constituents was observed in the carbohydrate fraction. Maximal pellicle weights were produced during the period of maximal lipid and carbohydrate synthesis.
When the nitrogen concentration of the medium was increased fourfold, there were essentially no changes in the lipid and carbohydrate contents during growth ( Table I) .
Lipid contents differed for bacteria grown in the two media but remained constant at 12 % in the asparagine medium and 18 % in the ammonia medium; carbohydrate was approximately 12 % of the dry wt of bacteria from both media. Glycogen was present in these bacteria, but represented only 1-5 to 4.0 % of the pellicle weight.
Nitrogen concentrations of 120 mg. were also found to be nitrogen-limiting and resulted in constituent amounts intermediate to those at 60 and 240 mg. N. The composition of bacteria grown in media containing 480 mg. N. was identical to those grown on 240 mg. N.
Under the conditions of these experiments, the composition of Mycobacterium phlei from nitrogen-excess media, throughout growth, resembled the composition of these bacteria during exponential growth in all media. Their lipid and carbohydrate content can be considered to be the minimal values essential for cell structure and metabolism which are produced during optimal pellicle growth. Contents of lipid and glycogen above these amounts apparently represent non-essential endogenous reserves. Nature of the storage materials. In these analyses the major component of the carbohydrate fraction which accumulated during growth on nitrogen-limited media was glycogen. The possibility that lesser components of the carbohydrate fraction may also serve as endogenous reserves is presently under investigation. Glycogens have been isolated from Mycobacterium phlei and characterized; the results will be reported separately. were separated by gas-chromatographic procedures and quantitated. No single fatty acid accounted for the accumulation of lipid ( Table 2) . There was a general increase in all fatty acids from C, to Cia, with the greatest increases in the C1, to Cis acids.
Experiments are in progress to determine whether the stored lipids occur as free acids, glycerides or complex lipids in M . phlei. Other lipids, especially the hydroxylated and branched chain fatty acids which were not determined in this study, may also accumulate.
Medium exchange experiments
In contrast to the gradual modifications in the nutritional environment which result during growth, themedium exchange procedure exposes bacteria of known composition, uniformly and abruptly to controlled environmental changes. This procedure was undertaken to define more accurately the factors which regulate storage material synthesis and to study the utilization of the lipid and glycogen endogenous reserves. Accumulation of storage materials. Table 3 records experiments in which pellicles of Mycobacterium phlei containing minimal amounts of lipid and glycogen were exchanged to modified environments. Cultures incubated on the initial growth medium, with and without exchange, served as controls. Exchange to the low nitrogen, high carbon medium resulted in an increase in the pellicle weight, but when the added nitrogen was utilized and nitrogen again became limiting, increases in the lipid, carbohydrate and glycogen occurred. The highest values of accumulation occurred when pellicles were incubated on a nitrogen-free, high-carbon medium. The increases in pellicle weight could be accounted for by the accumulation of lipid and carbohydrate. The increases in carbohydrate values were essentially due to glycogen accumulation. It is of particular importance that the rate and amount of glycogen accumulation exceeds that of lipid accumulation, At day 5 the combined lipid and carbohydrate fractions represented approximately 50 yo of the pellicle wt of bacteria exchanged to the nitrogen-free high-carbon medium. When a high nitrogen carbon-free medium replaced the original growth medium, pellicle weights remained essentially constant, with slight decreases in the constituent amounts.
Efect of other methods of growth inhibition. In nitrogen-limited media, the depletion of exogenous nitrogen may stop protein synthesis but not protein turnover. A, exchanged to sulphate-deficient, high-nitrogen, high-carbon medium ; 0, exchanged to high-nitrogen, high-carbon medium containing chloramphenicol ( IOO ,ug./ml.) ; 0, exchanged to highnitrogen, high-carbon medium containing p-fluorophenylalanine ( IOO ,ug./ml.) ; A, exchanged to high-nitrogen, highcarbon medium containing 2,~pdinitrophenol (100 ,ug./ml.) ; H, exchanged to no-nitrogen, high-carbon medium. Chloramphenicol and p-fluorophenylalanine are substances which inhibit both protein synthesis and protein turnover more directly; when bacteria were incubated on the high nitrogen, high-carbon medium in the presence of chloramphenicol and p-fluorophenylalanine both glycogen and lipid accumulated (Fig. I) . Chloramphenicol inhibited growth, and the amounts of glycogen and lipid were comparable to accumulations in nitrogen-limited cultures. The rates and amounts of accumulation fromp-fluorophenylalanine inhibition were lower than the nitrogen-deficient controls since the p-fluorophenylalanine concentration used ( IOO ,ug./ml.) resulted in only 40 % inhibition of growth. The addition of 2,4-dinitrophenol to high-nitrogen, high-carbon media resulted in complete inhibition of growth and glycogen accumulation and a decrease in the lipid content of the bacteria.
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Constituents
Sulphur-deficiency also provides a potential inhibitor of protein synthesis, as well as limiting co-factors of storage material syntheses such as glutathione, cysteine, and coenzyme A. Sulphur-limited Escherichia coli do not accumulate glycogen, presumably because of co-factor deficiencies (Holme & Palmstierna, I 956 b), while Aerobacter aerogenes strains may accumulate glycogen to 50 to 100% of values achieved in nitrogen-limited cultures (Segel, Cattaneo & Sigal, 1965) . The reason for this difference is unknown. In Mycobacterium phlei, sulphur-deficient growth conditions stimulated glycogen accumulation to higher levels than those produced by nitrogendeficiency (Fig. I) . Lipid also accumulated, but not to the same extent as the nitrogenlimited controls.
These results demonstrate that other methods of growth inhibition besides nitrogendepletion can also result in storage material accumulation, provided the inhibition does not interfere with carbon-substrate utilization or the energy metabolism of the cell. These studies also suggest that the glycogen and lipid-synthesizing enzymes present at the time of addition of inhibitor were sufficient to participate in the subsequent accumulations.
Utilization of storage materials. Evidence for the utilization of stored lipid and glycogen for energy and as the source of carbon for the synthesis of nitrogenous cell constituents is shown in Table 4 . When pellicles of Mycobacterium phlei containing stored lipid and glycogen were exchanged to a high-nitrogen medium without added carbon substrate, growth continued and the lipid and glycogen contents were decreased to minimal values. Pellicle weight did not decrease with the depletion of lipid and glycogen stores, but increased 5% over the weight at the time of exchange. The accompanying 42'5% increase in total pellicle nitrogen is highly significant. In the absence of exogenous carbon, only the stored lipid and glycogen could supply the energy and carbon for the incorporation of this nitrogen into cellular constituents. These observations show therefore that the stored lipids and glycogen can serve as a reserve of carbon, as well as energy, for the assimilation of exogenous nitrogen.
The results of the exchange to the low-nitrogen, high-carbon medium ( Table 4 ) are also of particular significance because they show that, in Mycobacterium phlei, glycogen is a more labile storage material than lipid and is utilized before lipid. The replenishment of exogenous nitrogen on exchange to this medium allowed additional growth, as with the high-nitrogen medium, with a resultant decrease in carbohydrate and glycogen at day 4.5. When exogenous nitrogen again became limiting, glycogen was subsequently resynthesized. During this period, when glycogen was partially utilized and then resynthesized, the lipid content remained constant. Similarly, exchange to the high-nitrogen, high-carbon medium depleted glycogen stores but only partially decreased the lipid content. This response suggests that glycogen synthesis is more readily regulated by the nutritional environment than lipid synthesis. 
DISCUSSION
Studies of the lipids and polysaccharides of mycobacteria have mainly been concerned with the chemistry of the compounds found in these organisms, with little attention given to their physiological significance. This report has demonstrated that, in Mycobacterium phlei, the synthesis and accumulation of classes of lipid and polysaccharide are controlled by modifications in the nutritional environment and that these stored materials serve as endogenous reserves of carbon and energy in the absence of exogenous carbon substrate.
The lipid and carbohydrate content of Mycobacterium phlei were minimal during exponential growth in nitrogen-limited cultures but increased enormously during the post-exponential phase. The combined stored materials may accumulate to as much as 50 % of the cell weight. Since storage materials do not accumulate during growth in nitrogen-excess media, it would appear that the synthesis of these reserves is largely controlled by the nitrogen concentration in the environment. In this respect, storagematerial synthesis in M. phlei resembles synthesis of glycogen in Escherichia coli (Holme & Palmstierna, 1956a) and Aerobacter aerogenes (Segel et al. 1965 ), poly-phydroxybutyrate in Bacillus megaterium (Macrae & Wilkinson, 1958) , and lipids in the yeasts Rhodotorula gracilis, R. glutinis and Lipomyces starkeyi (reviewed by Mulder, Deinema, Van Neen & Zevenhuizen, I 962). When grown on nitrogen-limiting media these organisms only accumulate one reserve substance, but they may synthesize other reserves under different cultural and environmental conditions (see Dawes & Ribbons, 1964) . In contrast, M. phlei has been found to synthesize and accumulate both lipid and glycogen when growth was inhibited by nitrogen depletion and by antibiotics.
The means by which growth inhibition controls storage material synthesis is uncertain. However, the data with Mycobacterium phlei are consistent with the hypothesis that conditions which favour accumulation of reserves appear to be conditions of 'uncoupled growth', conditions under which energy is produced at a rate faster than needed (Segel et al. 1965) . The synthesis of storage materials may be considered a shunt mechanism by which some of this excess energy may be conserved intracellularly .
For these stored materials to be considered as endogenous reserves, their function as a source of energy and carbon must be demonstrated. In Escherichia coli, glycogen has been found to serve as a source of carbon for the synthesis of nitrogenous cell constituents (Holme & Palmstierna, I 956 c). In Mycobacterium phlei, stored glycogen and lipid can be utilized as a carbon source for continued growth. When bacteria with stored glycogen and lipid are offered a nitrogen substrate in the absence of exogenous carbon, the depletion of glycogen and lipid is accompanied by a marked increase in incorporated nitrogen. Since no other carbon substrate was present, energy for nitrogen assimilation and the carbon skeletons for the synthesis of nitrogenous cell constituents could only be derived from these reserves. These growth experiments have also shown that, although glycogen and lipid stores are synthesized concurrently, glycogen may be utilized preferentially, and at least partially depleted, before lipid utilization is initiated. The regulatory mechanism which permits this differential utilization provides a perplexing problem for further investigation.
